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ABSTRACT Giant viruses have been isolated and characterized in different environ-
ments, expanding our knowledge about the biology of these unique microorgan-
isms. In the last 2 years, a new group was discovered, the cedratviruses, currently
composed of only two isolates and members of a putative new family, “Pithoviri-
dae,” along with previously known pithoviruses. Here we report the isolation and bi-
ological and genomic characterization of two novel cedratviruses isolated from sam-
ples collected in France and Brazil. Both viruses were isolated using Acanthamoeba
castellanii as a host cell and exhibit ovoid particles with corks at either extremity of
the particle. Curiously, the Brazilian cedratvirus is ~20% smaller and presents a
shorter genome of 460,038 bp, coding for fewer proteins than other cedratviruses.
In addition, it has a completely asyntenic genome and presents a lower amino acid
identity of orthologous genes (~73%). Pangenome analysis comprising the four ce-
dratviruses revealed an increase in the pangenome concomitant with a decrease in
the core genome with the addition of the two novel viruses. Finally, phylogenetic
analyses clustered the Brazilian virus in a separate branch within the group of ce-
dratviruses, while the French isolate is closer to the previously reported Cedratvirus
lausannensis. Taking all together, we propose the existence of a second lineage of
this emerging viral genus and provide new insights into the biodiversity and ubig-
uity of these giant viruses.

IMPORTANCE Various giant viruses have been described in recent years, revealing a
unique part of the virosphere. A new group among the giant viruses has recently
been described, the cedratviruses, which is currently composed of only two isolates.
In this paper, we describe two novel cedratviruses isolated from French and Brazilian
samples. Biological and genomic analyses showed viruses with different particle
sizes, genome lengths, and architecture, revealing the existence of a second lineage
of this new group of giant viruses. Our results provide new insights into the biodi-
versity of cedratviruses and highlight the importance of ongoing efforts to prospect
for and characterize new giant viruses.

KEYWORDS Cedratvirus, giant virus, NCLDV, new lineage, virion volume, genome
length, pangenome

iruses are the most abundant microorganisms in the biosphere and present the

greatest genetic and morphological diversity among the known biological organ-
isms (1, 2). Different groups of viruses have specific characteristics that define them as
a group, such as capsid structure (e.g., icosahedral and helical) and type of genome
(e.g., double-stranded DNA [dsDNA] and single-stranded RNA negative sense
[ssRNA—1), which implicate differences in the life cycles and evolution of these viruses.
Moreover, remarkable differences can be seen in the virion volumes and genome
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lengths of viruses, exhibiting a difference of 4 orders of magnitude in the former and
ranging from 1.2 kbp to 2,500 kbp in the latter (3). Despite these differences, the virion
sizes and genome lengths of viruses display an allometric relationship independent of
the type of capsid or genetic material, the ebolaviruses (ssRNA—) being the only
exception to this scaling law described to date (3). This relationship has also been
observed for some giant viruses such as mimivirus and pandoravirus (both dsDNA).

The giant viruses were discovered at the beginning of the last decade with the
description of mimiviruses, revealing a new world within the virosphere (4, 5). These
viruses replicate in free-living amoebas of the Acanthamoeba genus, although other
protists have been associated with giant viruses, such as Cafeteria roenbergensis (6) and
Bodo saltans (7). The discovery of viruses with gigantic particles (>500 nm) and the
presence of genes considered hallmarks of the cellular world (e.g., those encoding
aminoacyl-tRNA synthetases and translation factors) broke many paradigms of classical
virology and reopened a hot debate about the origin and evolution of viruses (8-13).
In subsequent years, other giant viruses have been isolated and characterized (14, 15),
thus expanding the group of nucleocytoplasmic large DNA viruses (NCLDVs)—the
proposed “Megavirales” order (16).

Among these new viruses, the pithoviruses drew attention due to their huge size
(~1.5 um) and relatively “small” genomes (~610 kbp) (17, 18), which suggest that
those viruses do not fit the scaling law observed for other viruses, although no analysis
has been performed in this regard to date. The same case would appear to apply to the
cedratviruses, a new group of recently described viruses, with only two members
characterized thus far, Cedratvirus A11 (19), and Cedratvirus lausannensis (20). These
viruses have an ovoid particle of about 1.0 um and possess a circular dsDNA genome
of ~590 kbp. These viruses are related to the pithoviruses but have two corks in the
viral particle, one at either extremity, rather than the single one displayed by pithovi-
ruses. Recently, it has been reported that some pithovirus particles can have complex
alternative shapes and sometimes have two corks, as observed for cedratviruses (21).
These viruses replicate in Acanthamoeba sp., entering the cells by phagocytosis. The
genome is released through the cork, and an eclipse phase is established, followed by
the formation of an electron-lucent viral factory, where a complex morphogenesis
occurs (19, 20, 22). It is possible that there is a nuclear phase during the replication of
cedratviruses, since the host nucleus remains intact during the viral cycle, although
further investigation into this aspect needs to be performed (22). After ~12 h of
infection, mature viral particles are released by cell lysis. The real extent of the diversity
of cedratviruses is currently unknown, and the discovery of new members of this group
could bring valuable information about it.

Here we describe the isolation and biological and genomic analyses of two new
cedratviruses, one from samples collected in France and a second from samples
collected in Brazil, which have morphological and genomic features distinct from those
of the previously known cedratviruses, suggesting the existence of a second lineage
among this new group of viruses. The discovery of new cedratviruses in different parts
of the world reflects their ubiquity and high diversity and improves our knowledge
about these viruses, thus reinforcing the importance of continuing to prospect for and
biologically/genomically characterize the giant viruses.

RESULTS

New cedratviruses with different virion sizes and genome lengths. In the search
for a better understanding of the diversity of giant viruses in different parts of the
world, we isolated two new cedratviruses, named Cedratvirus Zaza IHUMI and Brazilian
Cedratvirus IHUMI. Transmission electron microscopy (TEM) analyses revealed viruses
with ovoid particles and with corks at either extremity of the particle (Fig. 1A to C; see
Fig. S1 posted at http://www.mediterranee-infection.com/article.php?laref=983&titer=
morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of
-cedratviruses), a singular feature of cedratviruses (19, 20). Unlike pithoviruses, cedrat-
viruses usually have two corks, although some alternative shapes with a single cork can
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FIG 1 Morphology and volume analysis of new cedratviruses. (A to C) Negative-staining images exhibiting the characteristic ovoid shape
and the presence of two corks in the particles of cedratvirus A11, cedratvirus Zaza IHUMI, and Brazilian cedratvirus IHUMI, respectively.
Scale bars are indicated on each panel. (D) Length and width of 50 particles of each cedratvirus. Each point represents a single particle
analyzed by using ImageJ software. (E) Volumes of different cedratviruses based on the analyses of 50 individual particles, indicating that
Brazilian cedratvirus IHUMI has a significantly smaller volume than the other viruses. (F) Relationship between genome length and virion
volume for different DNA and RNA viruses. Black circles highlight the pithoviruses and cedratviruses. (G) Relationship between genome
length and virion volume for different viruses. The solid black line marks the linear regression between In-In-transformed data. The gray
area represents the 95% confidence interval for the linear regression line. Black circles highlight the pithoviruses and cedratviruses. The
outer gray lines represent the 95% prediction interval, within which we expect 95% of virion volume to lie for a given genome size.

P < 0.0001 (ANOVA).

m
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be discerned, such as in pithoviruses. Moreover, as recently described for pithoviruses
(21), we also observed membranous structures in empty particles in some negative-
staining images (see Fig. S2 posted at the URL mentioned above). Cedratvirus Zaza
IHUMI particles have a mean size of 1,110 nm (range, 921 to 1,420 nm) in length and
580 nm (range, 481 to 671 nm) in width, values closer to those observed for cedratvirus
A11 (1,280 nm by 550 nm), while the Brazilian cedratvirus IHUMI particle is smaller, with
the particle displaying a mean size of 910 nm (696 to 1,237 nm) in length and 510 nm
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TABLE 1 Main genomic characteristics of known cedratviruses®

Mean particle Genome No. of predicted Coding
Virus length X width (nm) size (bp) GC content (%) proteins density (%)
Cedratvirus A11 1,280 X 550 589,068 426 574 785
Cedratvirus lausannensis ~1,000 X 500 575,161 42.8 643 83
Cedratvirus Zaza IHUMI 1,110 X 580 560,887 42.7 636 84.3
Brazilian cedratvirus IHUMI 910 X 510 460,038 42.9 533 84.3

aAll these viruses showed ovoid, double-cork morphology, and none had tRNA.

(448 to 563 nm) in width (Fig. 1D). The difference in the particle size reflects the
difference in virion volume, in that the Brazilian Cedratvirus IHUMI has the smallest
volume (2.26 X 108 nm3) among the cedratviruses analyzed, significantly smaller than
cedratvirus A11 (4.8 X 108 nm3) and cedratvirus Zaza IHUMI (3.79 X 108 nm3) (P <
0.0001) (Fig. 1E). Despite these physical differences, the replication cycle of the Brazilian
isolate is similar to those previously observed for other cedratviruses, exhibiting the same
infection profile (see Fig. S1 posted at the URL mentioned above). The virus enters the host
through phagocytosis and releases the capsid content into the cytoplasm, establishing an
eclipse phase 2 h after infection. A viral factory is formed in the cytoplasm, where
morphogenesis occurs, and mature virions are released 12 h after infection.

In addition to the size of the particles, the new cedratviruses have different genome
lengths. Cedratvirus Zaza IHUMI has a genome of 560,887 bp coding for 636 proteins,
while the Brazilian cedratvirus IHUMI has a genome of 460,038 bp coding for 533
proteins. Despite the remarkable difference in the length and numbers of predicted
open reading frames (ORFs) in the genomes of the new viruses, both exhibit a circular
dsDNA genome with the same coding density (84.3%) and very similar G+C contents,
42.7% and 42.9% for cedratvirus Zaza IHUMI and Brazilian cedratvirus IHUMI, respec-
tively (Table 1). It is noteworthy that the Brazilian isolate is the smallest cedratvirus
described to date and also has the smallest genome among representatives of this new
group of viruses.

Cedratviruses and pithoviruses: exceptions to the allometric scaling law? The
fact that the new cedratviruses exhibit different genome lengths led us to analyze the
relationship between the genome length and volume size of different NCLDVs, in order
to check whether they lie within the prediction interval and are thus in line with the
allometric scaling law, as observed for other groups of viruses (3). We calculated the
volume of 15 different viruses, including mimiviruses, marseilleviruses, pithoviruses,
cedratviruses, faustovirus, kaumoebavirus, pacmanvirus, phycodnavirus, and iridovirus.
The volume was calculated by considering the dimensions of viral particles resulting
from previous studies using cryo-EM or negative-staining methods (see Table S1 posted
at http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological
-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses), with
the exception of the cedratviruses, for which the volume used in the analysis was the mean
volume obtained from the analyses of 50 viral particles using the negative-staining method.
Data concerning all other viruses were obtained from previous studies (3).

The volume of the viruses varied by 5 orders of magnitude, with porcine circovirus
1 displaying the smallest volume of the viruses under consideration (2.5 X 103 nm3),
and pithovirus sibericum presenting the largest volume (9.9 X 108 nm3). Regarding
genome length, this ranged from 1.76 kbp (porcine circovirus 1) to 2,474 kbp (pan-
doravirus salinus) (Fig. 1F). Considering only the volumes of the NCLDVs calculated in
this study, volumes ranged from 3.31 X 10° nm3 (chilo iridescent virus) to 9.9 X 108
nm?3 (pithovirus sibericum) (see Table S1 posted at http://www.mediterranee-infection
.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new
-isolates-reveal-a-second-lineage-of-cedratviruses).

Plotting the new data on NCLDVs alongside other viruses on a log-log scale, the
linear relationship is maintained (P < 0.0001, R? = 0.83, slope = 1.58), with values even
more stringent than those previously reported (3). The vast majority of viruses fall
within the 95% prediction interval, indicating that almost all viruses follow the allo-

July 2018 Volume 92 Issue 13 e00372-18 jviasm.org 4


http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses
http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses
http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses
http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses
http://www.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a-second-lineage-of-cedratviruses
http://jvi.asm.org

New Cedratviruses Reveal a Novel Giant Virus Lineage

metric scaling law for volume size and genome length, i.e,, the larger the volume size
of a viral particle, the longer the genome enclosure by the virus (Fig. 1G). Curiously,
cedratviruses and pithoviruses are at the limit of the prediction level, with pithovirus
sibericum actually outside the interval. The same was observed when considering only
dsDNA viruses (data not shown). This suggests that the putative “Pithoviridae” family
could be the first dsDNA group of viruses that does not conform to the allometric
scaling law, along with ebolaviruses (ssRNA—). It is notable that although cedratviruses
and pithoviruses appear to be exceptions to this scaling law, this appears to be true
only when comparing group of viruses, since a virus with a larger volume (e.g.,
cedratvirus A11) has a longer genome than does a virus displaying a smaller volume,
as verified for the Brazilian cedratvirus IHUMI.

Genome comparison of new cedratviruses. The cedratvirus Zaza IHUMI genome
exhibit 636 genes, of which 313 (49.2%) code for proteins with no known function
(hypothetical proteins). Of these, three had no hits in all searched databases and were
considered ORFans (proteins that were longer than 100 amino acids and with no hits
in any database). Regarding Brazilian cedratvirus IHUMI, 269 of its 533 predicted genes
(50.5%) have no known function and 11 are considered to be ORFans. Among the ORFs
with known functions, the presence of genes related to the metabolism of nucleic acids
(e.g., those coding for DNA polymerase, DNA-dependent RNA polymerase, helicases,
nucleases, DNA repair proteins) and transcription process (e.g., TFIIB initiation factor,
TFIIS elongation factor, viral transcription late factor 3) was observed. Moreover, we
identified 76 ankyrin repeat-containing-domain proteins in the cedratvirus Zaza IHUMI
genome, while only 42 were observed in the Brazilian cedratvirus IHUMI genome. No
tRNA or aminoacyl-tRNA synthetases were detected in the genomes of the new viruses.
Regarding the nucleocytoplasmic virus orthologous group (NCVOG) core genes, we
found some conserved genes also present in some other NCLDVSs, e.g., those encoding
a divergent major capsid protein (NCVOG0022), D5 helicase-primase (NCVOG0023),
DNA topoisomerase Il (NCVOGO0037), ribonucleotide reductase (NCVOG0276 and
NCVOG1353), and an mRNA capping enzyme (NCVOG1117) similar to that observed for
other cedratviruses (19, 20).

Although the gene content does not exhibit significant differences at first glance,
the genome organization of the Brazilian isolate is completely different from that
observed for other cedratviruses, being totally asyntenic (Fig. 2). The synteny analysis
revealed the presence of conserved and aligned blocks between cedratvirus Zaza
IHUMI, cedratvirus A11, and cedratvirus lausannensis, while the same blocks are orga-
nized in a different orientation in the Brazilian cedratvirus IHUMI genome. Compared to
the genome of the other viruses, the genome of the Brazilian isolate exhibits many
inversions and rearrangements of blocks throughout its entire length. Such differences
in the genomic architecture among similar viruses are observed among different
lineages of mimiviruses (23) and marseilleviruses (24), which led us to consider the
existence of a second lineage of cedratviruses, with Brazilian cedratvirus IHUMI being
its first member.

In addition, the Brazilian cedratvirus IHUMI amino acid sequences showed lower
identity than other cedratviruses (Fig. 3). The orthologous genes of the Brazilian isolate
have a mean identity of 73.48% compared to cedratvirus A11, 73.6% compared to
cedratvirus lausannensis, and 73.56% compared to cedratvirus Zaza IHUMI (Fig. 3A to C). In
contrast, when we compared the orthologous genes from other cedratviruses to one
another, we observed an amino acid identity higher than 90%, reaching 95.76% between
cedratvirus lausannensis and the new isolate, cedratvirus Zaza IHUMI (Fig. 3D to F).
Therefore, not only is the genomic architecture between the Brazilian isolate and the
other viruses different, but also amino acid identity is considerably different, reinforcing
the existence of a new lineage among the group of cedratviruses.

Pangenome and phylogenetic analyses of cedratviruses. The pangenome anal-
ysis of the cedratviruses isolated thus far revealed an increase in the pangenome
content with the addition of a gene repertoire by way of the new viruses described in
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FIG 2 Genome synteny analysis. Schematic genome alignment diagram obtained using the Mauve software package. The analysis was performed using the
genome of cedratvirus A11 (NC_032108.1) and cedratvirus lausannensis (LT907979.1), besides the genome sequences of the new isolates. The blocks illustrated
above the x axis are in the positive strand (forward sense), while blocks below the x axis are in the negative strand (reverse sense).

this study. A total of 2,386 proteins were grouped into 821 clusters of orthologous
genes (COGs) (Fig. 4), including 613 COGs comprising genes for at least two proteins of
different cedratviruses. The size of the pangenome content displayed a continuous
increase with the addition of the two new viruses, including an increase of 61 new
COGs with the addition of the Brazilian cedratvirus IHUMI, even though this virus
presented a genome coding for fewer proteins than the other viruses. Furthermore, it
is the virus that presents the greatest number of unique COGs (numbering 72), while
the others present only 59 (cedratvirus lausannensis), 47 (cedratvirus Zaza IHUMI), and
30 (cedratvirus A11) unique COGs (see Fig. S3 posted at http://www.mediterranee
-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of
-new-isolates-reveal-a-second-lineage-of-cedratviruses). However, the most remarkable
point is the existence of a break in the curve of the core genome content when genes
of the Brazilian isolate are added (—102), reaching a total of 386 COGs for this proposed
viral genus (Fig. 4). These data suggest that different lineages of cedratviruses could
contribute to a slight increase in the pangenome and could share a reduced core gene set.

To better understand the evolutionary relationship between the new cedratviruses
and other members of the proposed Megavirales order, we performed phylogenetic
analyses based on different NCLDV genes (NCVOGs) including those coding for the
family B DNA polymerase (NCVOGO0038) (Fig. 5), the major capsid protein (NCVOG0022),
the DNA-dependent RNA polymerase subunit 1 (NCVOG0274), and the VV-A18 helicase
(NCVOGO0508) (see Fig. S4 posted at http://www.mediterranee-infection.com/article.php
?laref=983&titer=morphological-and-genomic-analyses-of-new-isolates-reveal-a
-second-lineage-of-cedratviruses). Moreover, we performed additional phylogenetic
analyses using the D6/D11 helicase (NCVOG0031), DNA repair exonuclease
(NCVOG0308), Flap endonuclease (NCVOG1060), and ATP-dependent DNA ligase
(NCVOG0034), focusing on the cedratviruses and closer viral groups, i.e., marseille-
viruses and irido/ascoviruses (see Fig. S5 posted at the URL mentioned above).
Phylogenetic trees recurrently clustered the new isolates alongside previously
described cedratviruses, pithoviruses, and orpheovirus. Furthermore, all trees based
on the core genes showed the cedratvirus Zaza IHUMI as being closer to cedratvirus
lausannensis and cedratvirus A11 and the Brazilian isolate being in a branch distant
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FIG 3 Average amino acid identity. In this analysis, estimates were reached using both best hits (one-way AAI) and reciprocal best hits (two-way AAIl) between
two data sets of proteins from different cedratviruses. Plots A to C demonstrate the amino acid comparisons between Brazilian cedratvirus IHUMI and other
cedratviruses; plots D and E compare cedratvirus Zaza IHUMI and previously known cedratviruses; plot F compares cedratvirus A11 and cedratvirus lausannensis.

from the other cedratviruses with a bootstrap value of >90, corroborating the existence
of a new lineage among cedratviruses. Finally, the putative “Pithoviridae” family is
clustered along with marseilleviruses or irido/ascoviruses depending of the gene used,
the tree topology not being always congruent. An in-depth phylogenetic analysis must
be performed to better establish the phylogenetic relationship among these groups of

giant viruses.

DISCUSSION

The isolation of new giant viruses associated with biological and genomic analyses
has significantly contributed to broadening our understanding of the diversity, ecology,
and evolution of this complex group of viruses. The discovery of pithoviruses (17, 18)
and cedratviruses (19, 20) drew particular attention, since these viruses exhibit very
large particles constraining relatively short genomes, forming a putative novel viral
family among the group of NCLDVs. In this study, we describe the isolation and the
biological and genomic analyses of two new members of this group, providing new

insights into the biodiversity and evolution of these viruses.

The analyses performed in this study revealed two new viruses with significant
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FIG 4 Pangenome (red line) and core genome (green line) sizes of cedratviruses. Numbers at the base of
the column refer to the number of genes carried by each virus strain. Numbers at line nodes represent the
cumulative COG numbers after the inclusion of a new genome. Numbers in (red and green) circles
demonstrate the variation of COGs after the inclusion of the Brazilian cedratvirus IHUMI (proposed new
lineage).

structural differences, both physical and genomic. Although the cedratvirus Zaza
IHUMI exhibits a particle size and genome length similar to those of other cedrat-
viruses that have been described, analysis of the Brazilian cedratvirus IHUMI re-
vealed a virus with particles that were smaller (~20%) than those of the other
viruses of the same group and a considerably smaller genome. By analyzing the
relationship between the virion volume and the genome length of viruses, includ-
ing those from different groups of giant viruses, we noticed that the majority of
viruses fall into the allometric scaling law and, curiously, the pithoviruses and
cedratviruses are at the limits of the prediction interval. This suggests that these
viruses might be exceptions to this scaling law. Since we considered only data from
comparable imaging methods (i.e., cryo-EM and negative staining [25, 26]) to
calculate the volumes of giant viruses, only a few viruses were analyzed. It is
possible that with new, forthcoming structural data on viruses, particularly on giant
viruses, it may be discovered that the pithoviruses and cedratviruses definitively fall
outside the prediction interval. Indeed, when the virion size data for other amoebal
giant viruses (e.g., mimiviruses and marseilleviruses) from TEM images were con-
sidered in our analysis, the members of the putative “Pithoviridae” did not fit with
the allometric scaling law (data not shown). It is notable that, along with ebolavi-
ruses (Filoviridae family), the members of the putative “Pithoviridae” family are the
only known viruses that display a massive particle but a “small” genome. Such
features raise important questions about what is inside these viral particles. A
recent study comparing the internal density of pithoviruses’ and mimiviruses’
particles demonstrated that the former viruses have three-quarters of the internal
density of the latter, suggesting that the pithoviruses may carry macromolecules
other than nucleic acids inside the particles (21). The same would appear to be the
case for the cedratviruses, but further studies are needed to define exactly which
macromolecules could be carried by those viruses.

The fact that the Brazilian isolate has a smaller genome is equally curious. Similar
to other cedratviruses, this new virus exhibits only a few repeat zones throughout
the genome (data not shown), and we identified the presence of genes also present
in other cedratviruses, such as those coding for polymerases, helicases, nucleases,
etc. Among the genes with known function, we noticed differences mainly in the
quantity of those coding for proteins containing repeat domains, especially coding
for ankyrin repeat motifs, as Brazilian cedratvirus IHMU (a virus with a smaller
genome) has fewer genes of these category than do other cedratviruses. This is in
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FIG 5 Phylogenetic tree based on DNA polymerase B amino acid sequences of nucleocytoplasmic large DNA viruses
(NCLDVs). The tree was constructed using MEGA version 6.0, applying the maximum likelihood method and the JTT
model of evolution with 1,000 bootstrap replicates. Colors indicate viral families: blue was used for Mimiviridae; green
for Phycodnaviridae, red for Marseilleviridae, navy blue for Iridoviridae/Ascoviridae, purple for extended Asfarviridae,
and orange for Poxviridae. The new cedratviruses are highlighted with black circles. The scale bar indicates the rate
of evolution.

accordance with the recent analysis conducted by Shukla and colleagues, wherein
they demonstrated that in different groups of giant viruses infecting amoebae, the
quantity of this class of genes is proportional to the length of the genome (27),
which has also been observed for some intracellular bacteria (28). These analyses
also seem to apply to viruses within the same group, such as the cedratviruses
described here. Taking this into account, it is possible that the Brazilian cedratvirus
IHUMI underwent different selective pressures, thus contributing to a different
evolutionary history. This would be in accordance with our proposed new lineage
within the cedratviruses. Such a proposal is supported by the observation of a
completely different genomic architecture between the Brazilian cedratvirus IHUMI
and the other viruses, in addition to a significant difference in the amino acid
identity of orthologous genes, similar to that observed for members of the Mimi-
viridae and Marseilleviridae families (23, 24). In addition, this virus has more exclu-
sive COGs and contributes to an increase in the pangenome with 61 new COGs and,
even more strikingly, with the reduction of the core genome by 102 COGs. Finally,
phylogenetic analyses based on different core genes of giant viruses clearly clus-
tered the Brazilian isolate in a separate branch from other cedratviruses, therefore
reinforcing the existence of a lineage “B” among this new group of viruses.
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It is still premature to dive deep into the evolutionary history of cedratviruses, but
it is possible that they underwent an accordion-like model of evolution as observed for
other giant viruses (29), although new analysis must be performed to confirm this
hypothesis. In any case, it is clear that this new, expanding group of viruses deserves
attention, and new structural and evolutionary analyses could help to solve some
unanswered questions around them.

MATERIALS AND METHODS

Virus isolation, production, and purification. Two novel cedratviruses were isolated by the
coculture method as previously described (30), one from an Alpova sp. (Basidiomycota, Paxillaceae family)
homogenate in sterile distilled water collected near Toulon, France, and the other from a water sample
supplemented with bio-floc, collected in Belo Horizonte, Brazil. The former virus was isolated at the
Institut-Hospitalo-Universitaire (IHU) Méditerrannée Infection at Marseille, France, and was named Ce-
dratvirus Zaza IHUMI, while the second was isolated in the Laboratirio de Virus of UFMG at Belo
Horizonte, Brazil. The Brazilian isolate was then sent to IHU for further production, genome sequencing,
and analysis and was given the name of Brazilian Cedratvirus IHUMI. For multiplication of the viruses,
Acanthamoeba castellanii (strain Neff [ATCC 30010]) was cultured in a 150-cm? cell culture flask with 50
ml of a peptone-yeast extract-glucose (PYG) medium at 28°C. When the flasks contained a fresh
monolayer of A. castellanii, the PYG medium was replaced by starvation medium (TS). The amoebas were
then infected with the isolated virus, and the flasks were kept at 30°C for 72 h. The cell lysates were then
collected and centrifuged at 400 X g for 10 min to remove amoeba debris. The supernatants were then
centrifuged at 6,500 X g for 15 min at 4°C, and the pellets were suspended in Page’s amoeba saline (PAS)
solution. This process was repeated twice. The pellets were suspended in 3 ml of phosphate-buffered
saline (PBS) solution, added to a sucrose cushion (50%), and centrifuged at 16,000 X g for 15 min at 4°C.
The final pellets were suspended in PAS solution.

Characterization of the replicative cycle. In order to study possible differences in the replicative
cycle of Brazilian cedratvirus IHUMI, ultrathin sections of infected amoebas were evaluated under TEM
and a comparative one-step growth curve was performed. For the microscopy analysis, A. castellanii cells
were infected with Brazilian cedratvirus IHUMI at a multiplicity of infection (MOI) of 0.01 for 24 h in PYG
medium (asynchronous cycle). The cells were then collected and fixed with 2.5% glutaraldehyde in a 0.1
M sodium phosphate buffer for 1 h at room temperature. The amoebas were postfixed with 2% osmium
tetroxide and embedded in Epon resin. Ultrathin sections were then analyzed under transmission
electron microscopy (Spirit Biotwin FEI, 120 kV). For the one-step growth curves, A. castellanii cells were
infected with different cedratviruses at an MOI of 10 in TS medium in 24-well microplates. After 30 min
of adsorption, the inoculum was removed, and fresh medium was added. The cell and supernatant were
collected at different time points and further titrated using the endpoint method (31). The experiment
was performed in duplicate.

Virus particle morphometry and volume calculation. For particle morphometry, negative staining
was performed on the fixed supernatant from coculture. A total of 5 ul was deposited onto the
glow-discharged grid for 20 min at room temperature. The dried grid was contrasted with a small drop
of 1% ammonium molybdate for 5 s, and the grid was then observed using a Tecnai G20 electron
microscope (FEl, Germany) operated at 200 kV. At least 50 particles of each virus were analyzed using
ImagelJ software (32). For the volume calculation of cedratvirus particles, we employed the formula for
spheroid particles as previously described for ovoid viruses (3), V = 4/3 X ma?c, where V is the volume
of the viral particle, a is the equatorial radius of the spheroid, c is the distance from the center to the pole
along the symmetry axis, and 7 is a constant. The data used for the volume calculation of other NCLDVs
were obtained from previous publications, considering data only from cryo-electron microscopy or
transmission electron microscopy negative-staining data (see Table S1 posted at http://www
.mediterranee-infection.com/article.php?laref=983&titer=morphological-and-genomic-analyses-of-new
-isolates-reveal-a-second-lineage-of-cedratviruses). For icosahedral viruses, we used the formula for
spherical particles, V = 4/3 X @r3, employing a strategy described elsewhere (3), where r is one-half of
the diameter of the virus capsid. For other viruses, we kept the volume data previously calculated by Cui
and colleagues (3).

Statistical analysis. We used analysis of variance (ANOVA) to compare the virion volumes of
different cedratviruses and linear regression between the natural logarithm of genome length and the
natural logarithm of virion volume to test whether the allometric relationship previously described for
other viruses (3) also applied to giant viruses of amoebas, which had not previously been evaluated. The
statistical analyses were performed by using GraphPad Prism 6.0.

DNA extraction and genome sequencing and assembly. The genomes of the new cedratviruses
were extracted using the automated EZ1 virus minikit v.2 (Qiagen GmbH, Hilden, Germany) according to
the manufacturer’s instructions. DNA was quantified using a Qubit assay with the high-sensitivity kit (Life
Technologies, Carlsbad, CA, USA) to 30.3 ng/ul (cedratvirus Zaza IHUMI) and 16 ng/ul (Brazilian
cedratvirus IHUMI). DNA was sequenced using MiSeq Technology (lllumina Inc., San Diego, CA, USA) with
the paired-end application. DNA was barcoded in order to be mixed with other projects for the Nextera
XT DNA sample prep kit (Illumina).

To prepare the paired-end library, dilution was performed to yield 1.0 ng of each genome as input.
The “tagmentation” step fragmented and tagged the DNA. Limited-cycle PCR amplification (12 cycles)
then completed the tag adapters and introduced dual-index barcodes. The library profile was validated
on an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara, CA, USA) with a DNA high-
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sensitivity LabChip, and the fragment size was estimated to 1.5 kb. After purification on AMPure XP beads
(Beckman Coulter Inc., Fullerton, CA, USA), the libraries were then normalized on specific beads according
to the Nextera XT protocol (lllumina). Normalized libraries were pooled for sequencing on the MiSeq.
Automated cluster generation and paired-end sequencing with dual index reads were performed in a
single 39-hour run in 2X 250 bp. A total of 2.8 Gb of information was obtained from a 277,000/mm?
cluster density in the first run with a cluster passing quality control filters of 98.2% (5,333,000 passed
filtered clusters). Within this run, the index representation for cedratvirus Zaza IHUMI was determined to
be 2.18%. The 149,880 paired-end reads were trimmed and filtered according to the read qualities.
Additionally, a total of 7.5 Gb of information was obtained from an 802,000/mm? cluster density in the
second run with a cluster passing quality control filters of 96.4% (14,444,000 clusters). Within this run, the
index representation for Brazilian cedratvirus IHUMI was determined to be 8.75%. The 1,264,356
paired-end reads were filtered according to the read qualities.

In addition, a run was performed through the Minlon Oxford Nanopore for the Brazilian isolate. The
Oxford Nanopore approach was performed on 1D genomic DNA sequencing for the Minlon device using
the SQK-LSK108 kit. A library was constructed from 1.5 ug genomic DNA without fragmentation and end
repair. Adapters were ligated to both ends of the genomic DNA. After purification on AMPure XP beads
(Beckman Coulter Inc., Fullerton, CA, USA), the library was quantified using a Qubit assay with the
high-sensitivity kit (Life Technologies, Carlsbad, CA, USA). An amount of 136.8 ng, adapted and tethered
as a library, was loaded on the flow cell via the SpotON port. A total of 1,110 active pores were detected
for sequencing, and the WIMP workflow was chosen for live bioinformatic analysis. After 4 h and 40 min
of run time, the EPI2ME software led to 6,299 classified reads of the Brazilian cedratvirus IHUMI of the
98,601 analyzed reads, with an average length of 2.6 kb.

The sequence reads were assembled de novo using the CLC Genomics Workbench v7.5 (http://www
.clcbio.com/blog/clc-genomics-workbench-7-5/) for the cedratvirus Zaza IHUMI and hybridSPAdes (33)
for the Brazilian cedratvirus IHUMI.

Study of genome organization and genome annotation. Open reading frames were predicted by
GeneMarkS (34), and the draft genomes were deposited in NCBI. The tRNA genes were searched using
the tRNAscan-SE and ARAGORN software (35, 36). Predicted proteins of fewer than 50 amino acids in
length were discarded. A BLASTp search against the NCBI nonredundant (nr) protein sequence database
was performed on 5 January 2018. Homology was considered significant if the E value was lower than
1 X 1073. A BLASTp search was also computed with the same parameters against the clusters of
orthologous groups (COGs) of proteins of the nucleocytoplasmic large DNA virus (known as NCVOGs)
(37). In addition, we searched for conserved domains and putative functions of predicted proteins using
the online InterProScan software, version 66.0 (https://www.ebi.ac.uk/interpro/search/sequence-search).
In addition, predicted ORFs ranging from 50 to 99 amino acids were submitted for tridimensional folding
analyses using Phyre2 (38). Proteins ranging from 50 to 99 amino acids in length were discarded if they
exhibited no hits either against the BLASTp or against the InterProScan searches or if they exhibited
abnormal folding as modeled by Phyre2. Those proteins that were longer than 100 amino acids and with
no hits in any database were kept and referred to as ORFans. Finally, the genome annotation was
manually revised and curated.

Comparative genomic and pangenome analysis. The genome synteny among cedratviruses was
checked using the Mauve program (39) with default parameters. The Proteinortho tool (40) was used to
identify orthologous gene sequences based on the reciprocal best hit shared by cedratviruses using an
amino acid sequence identity of 30% and sequence coverage of 60% as thresholds. The average amino
acid identity (AAI) calculator tool (41) was used to compare identity between orthologous genes from
cedratvirus isolates. To estimate the size of the pangenome, their predicted proteins were clustered using
the Proteinortho tool (40), applying the same criteria as those given above. We also described pange-
nome and core genes size variation by stepwise inclusion of each new virus annotation in the pairwise
comparisons of the gene contents of the available cedratvirus genome sequences.

Phylogenetic analysis. Phylogenetic reconstructions were based on individual alignment of distinct
genes, namely, those encoding the DNA polymerase B family, the DNA-dependent RNA polymerase
subunit 1, the VV-A18 helicase, the major capsid protein, the D6/D11 helicase, the Flap endonuclease, the
ATP-dependent DNA ligase, and the DNA repair exonuclease. Amino acid sequences were aligned using
the Muscle software (42). Phylogenetic trees were built using the MEGAG6 software (43), the Jones-Taylor-
Thornton (JTT) model for amino acid substitution, and the maximum likelihood method with 1,000
bootstrap replicates.

Accession number(s). Sequences for the draft genomes were deposited in NCBI under the accession
numbers LT994651 (Brazilian cedratvirus IHUMI) and LT994652 (cedratvirus Zaza IHUMI).
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